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introduction
Years of intensive research have yielded important clues regarding the nature of cancer. Various experimental models have shown that a normal cell undergoes malignant transformation following deregulation of major cellular signaling pathways (1) . This usually occurs by accumulation of mutations in pivotal genes, epigenetic changes and environmental insults. Both acquired mutations and genetic predisposition have been shown to account for the onset and progression of cancer. Currently, full recovery from most cancer types is still an unsolved enigma. Indeed, frequently following therapy, where an apparent regression of tumor is observed, tumors often relapse and acquire a drug-resistant phenotype. Considering this observation, the development of efficient cancer therapy is closely dependent on the unraveling of drug resistance mechanisms operating in cancer cells. Conventional cancer therapy strategy aims to eliminate transformed somatic cells; however, the possibility of converting transformed cancer cells into normal ones should also be considered because it might restore cells with drug sensitivity.
It is well accepted today that cancer development is a multistep process that involves the accumulation of mutations in a given cell (2) .
Most of the acquired mutations are silent and do not affect the normal homeostasis of the cell. However, it is well established that modifications in oncogenes and tumor suppressor genes are central for tumor development. Both have profound effects on pivotal pathways, such as the cell cycle, programmed cell death, DNA repair, cellular energy metabolism, angiogenesis, cell attachment, immune surveillance and replicative mortality (1) . Although oncogenes have been shown to be overactivated in cancer cells, tumor suppressor genes are inactivated, leading to the loss of their normal function.
A frequent event in human cancer development is the impairment of the wild-type (WT) p53 tumor suppressor pathway, most frequently due to a point missense mutation in the TP53 gene. It is well accepted that mutant p53 exhibits oncogenic gain of function (GOF) that, among others, confers cancer cells with drug resistance. Recent studies suggest that the cancer stem cell (CSC) subpopulation within tumors accounts for the drug resistance of cancer cells. Given the fact that compromised p53 expression may lead to the generation of CSCs, it is of interest to study the mutant p53-expressing CSCs and drug resistance paradigm.
The guardian of the genome and beyond-normal functions of WT p53
The WT p53 is a pivotal tumor suppressor, termed 'guardian of the genome', because it ensures genomic stability and thus prevents cancer onset (3) . Under normal conditions, WT p53 is maintained at low levels due to its constant proteasomal degradation, mediated mainly by the E3 ubiquitin ligase, MDM2 (4) . Subsequent to cellular insults such as DNA damage, oncogene activation, telomere erosion, hypoxia and ribosomal stress, WT p53 is stabilized and activated. Following its activation, WT p53 may induce a variety of processes, depending on damage severity and specific cell type. These include cell cycle arrest, programmed cell death (apoptosis), DNA repair, differentiation, autophagy, senescence and other processes (4, 5) . The role of p53 in animal development. In addition to its tumor suppressive activity, p53 has also been found to be associated with normal development. One of the major obstacles in resolving the question of whether p53 is indeed involved in development was the initial observation that p53 knockout (KO) in mice was not lethal, which initially suggested that p53 is dispensable for proper development. Nevertheless, and in agreement with the notion that p53 is a tumor suppressor, p53 KO mice frequently develop tumors later in life (6) (7) (8) . Moreover, an in-depth analysis indicated that p53 KO mice exhibit a lower fertility and that some of the newborns display a variety of developmental defects (reviewed in refs 9-11). These include exencephaly, impaired early neural crest development, ocular abnormalities, polydactyly of the hind limbs and defects in upper incisor tooth formation (12) (13) (14) . Further examination of p53 null mice revealed abnormalities in reproduction. This is manifested by both defects in spermatogenesis in males (15) (16) (17) and impaired embryonic implantation in females (18, 19) , due to abrogated leukemic inhibitory factor activation, which is required for implantation of blastocysts (18) . Additionally, we have recently demonstrated that p53 is required for proper brown fat development and function (20) . These findings indicate the critical role of p53 during various developmental processes. The existence of viable p53-deficient mice might suggest that there is an incomplete penetrance of the p53 null phenotype, indicating a compensatory mechanism that may involve the interaction between alternative genetic and environmental factors.
The notion that p53 plays a role in development is substantiated by more directed studies demonstrating, in both mouse and chicken models, that the transcription of p53 is tightly regulated during embryonic development (reviewed in refs 21, 22) . Analysis of early-stage mouse embryos revealed that the expression of p53 mRNA in all tissues declines during the process of organogenesis and is barely detected in terminally differentiated tissues (23) . The role of p53 in differentiation. A growing body of evidence derived from in vitro models suggests that p53 plays a major regulatory role in cell differentiation. Interestingly, it was noticed that p53 seems to be a specific regulator in a variety of differentiation programs. Although it facilitates some differentiation programs, others are attenuated (10, 24, 25) . Initial studies have shown that reconstitution of WT p53 in a pre-B cell line, deficient in p53, accelerated cell differentiation and reduced the capacity to form tumors following injection into syngeneic mice (26, 27) . p53 has also been suggested to exert a positive effect on neural cell differentiation (28) (29) (30) . Indeed, neural differentiation-relevant target genes are transactivated by p53 in the process of PC12 cell differentiation (31) . During myogenic differentiation, p53 upregulates transcription of pRb, which is essential for the induction of the muscle differentiation program (32) (33) (34) . Interestingly, it has been demonstrated that p53 plays contradictory molecular roles in osteogenic differentiation during normal development and tumorigenesis. Whereas p53 decreases differentiation of early osteogenic precursors (35) (36) (37) , it facilitates terminal differentiation of tumorforming osteogenic cells and thereby attenuates the cancerous outcome (38) . Additionally, p53 was found to differentially regulate adipogenic differentiation. Although it inhibits white adipogenic differentiation (37, 39, 40) , p53 is crucial for proper brown adipogenesis (20) . Thus, p53 functions as a homeostatic protein, which promotes proper differentiation in accordance with a given cellular state, thereby avoiding malignant transformation. This is mediated either via its well-established role as an inducer of cell cycle arrest and apoptosis or by regulating the expression of specific differentiationrelated factors required for various differentiation programs. In all, the well-established role of p53 in development and differentiation challenges the notion that p53 plays a role in the life of stem cells (SCs). p53 and SCs. Proper embryonic development and adult tissue homeostasis rely on the capacity of SCs for self-renewal and differentiation into various cell types. Increasing evidence supports the notion that deregulation of the functions of embryonic stem cells (ESCs) and adult stem cells (ASCs) may lead to developmental aberrations, alterations in adult tissue maintenance and generation of CSCs, which may lead to tumor development.
It is well accepted that there is a wide repertoire of SC types. ESCs are pluripotent cells that are able to self-renew and maintain their cellular identity and they can differentiate into the endoderm, mesoderm and ectoderm cell lineages (41) . The tissue-specific multipotent ASCs residing within adult organisms are capable of self-renewal and differentiation into the tissue-specific cells. The ASCs are necessary for normal homoeostasis of tissues and are vital for regeneration after damage (42, 43) . WT p53 has been implicated in the proper regulation of self-renewal and differentiation of ESCs (11, 44, 45) . p53 is also implicated as a major regulator of the ASC compartment through control of cell differentiation (37, 39, 46) , quiescence and asymmetrical division (47) . Interestingly, compromised p53 expression in both ESCs and ASCs seems to confer SCs with accentuated oncogenic activity (46, (48) (49) (50) .
The reprogramming technology, which allows the generation of induced pluripotent stem cells (iPSCs) by dedifferentiation of somatic cells (51, 52) , opened an interesting platform to study the potential contribution of various factors central to the establishment of SCs in vitro (53) . Of note, iPSCs and cancer cells have similarities between them with respect to overall gene expression patterns and epigenetic status (54, 55) , which suggests that tumorigenesis and reprogramming processes may share overlapping pathways. Thus, one of the risks of using iPSCs in cell transplantation therapy is cancer development from iPSC-derived cells (56) . Numerous studies have implicated p53 as an important regulator of the reprogramming process. In agreement with others, we found that p53-compromised cells exhibit an accelerated rate of iPSC generation (50, (57) (58) (59) (60) (61) (62) (63) (64) . Thus, p53 has an important role in the maintenance of a fine balance among SC generation, self-renewal and differentiation capacity. Interestingly, we found that reprogramming of mouse embryonic fibroblasts harboring a mutated p53 gene led to generation of CSCs that were capable of forming aggressive tumors in mice (50) . This suggests that disruption of p53 function may lead to a burst of accentuated levels of SC proliferation in addition to diversion of SCs toward CSCs. p53 and aging. Aging is defined as the process whereby life span is reduced with age, accompanied by common changes in phenotype occurring over time (65) . It is accepted that as a tumor suppressor, activated p53 prevents cancer development, thus increasing longevity; however, overactivated p53 has been shown to promote premature aging (66, 67) . The most compelling evidences are obtained from mouse models displaying p53-dependent accelerated aging. For example, mice deficient in the DNA-repair-related gene Ku80 (68), telomerase-deficient mice (69) or mice lacking functional lamin A (70) showed enhanced aging phenotypes that could be rescued by reducing the levels of p53. In addition to the well-accepted mechanisms that mediate p53-dependent aging (71, 72) , it was shown recently that different p53 isoforms and the balance in their expression regulate aging and life span (66, 73) . One of the hallmarks of aging is the exhaustion of the ASC reservoir within the tissue (74) . Although the role of WT p53 in regulating SCs is still to be completely elucidated, it seems that WT p53 prevents cellular transformation of damaged SCs by inducing either differentiation or cell death (46, 50, 75) . As a result, the renewable cells of the tissue might be depleted, leading to premature aging.
p53 in human cancer
In most human tumors, the p53 pathway is altered, with high incidence of missense mutations, reaching to ~50% of all human tumors (76) (77) (78) . Unlike other tumor suppressor genes, p53 not only loses its tumor-suppressive function (loss of function or LOF) but also gains novel oncogenic features in some of its mutated forms, independently of normal WT p53 roles, a phenomenon that was termed GOF. Furthermore, p53 is initially mutated in a single allele, leading to the concomitant expression of both WT and mutant proteins. Interestingly, in a heterozygous state, it was shown that some of the mutated forms can override the WT p53 in a dominant-negative manner. Mutant p53 GOF notion was first demonstrated in 1984, whereby introduction of mutant p53 was shown to transform cells lacking p53 (79) , and this was followed up by vast research in the field (80) . The most compelling evidence for mutant p53 GOF was shown in a mutant p53 knockin mouse model, which exhibited high incidence of metastatic tumors compared with KO mice (81, 82) . In addition to p53 mutations in somatic cells, p53 germ-line mutations were found to be highly associated (~95% of cases) (83) with a rare cancer predisposition called Li-Fraumeni syndrome (84) , which is associated with the development of distinct tumor types, including sarcoma, breast cancer, brain tumor and adrenocortical tumors (85) . The mutation patterns of p53. More than 2000 different mutations have been reported in TP53, with several hot-spot mutations being frequently found in human cancers (86) . p53 mutations can be categorized into two subgroups, according to their effect on p53 stability: 'DNA-contact mutations', which include mutations in residues essential for DNA binding, and 'conformational mutations', which include mutations that affect the conformational folding of the DNA-binding domain. The expression 'mutant p53' is frequently misused because the variety in both mutations and genotype-phenotype relations is a complex issue. Recent studies comparing the function of the different p53 hot-spot mutations suggest that the various p53 mutations exert different activities (87) . When different p53 mutations were introduced into immortalized human fibroblast cells, in conjunction with the H-Ras oncogene, we found that different mutations regulated different signaling pathways [e.g. nuclear factor-kappaB (NF-κB) and H-Ras) to induce the expression of cancer-related genes and to promote transformation. Interestingly, the mutant p53 G245S barely induced cellular transformation and expression of the cancer-related gene signature (88, 89) . This observation was further supported by two recent studies that analyzed different mutant p53 knockin mice models. Examination of two different humanized mutant p53 knockin mice revealed that although p53 R248Q/− mice showed accelerated tumorigenesis with expended hematopoietic and mesenchymal stem cells (MSCs), compared with KO mice, p53 G245S/− mice did not exert oncogenic GOF activities (90) . An additional study suggested that unlike mutant p53 R172H (human mutant p53 R175H equivalent), mutant p53 R246S (human mutant p53 R249S equivalent) did not show higher levels of the transformed phenotype and did not promote tumorigenesis (91) . With the rise of personalized medicine in cancer therapy, understanding the exact p53 mutation type expressed in a patient's tumors is of great interest. Normal WT p53 exerts its function in two main ways: activating/ repressing transcription through binding to the promoter of a target gene at a specific sequence, namely, the responsive element; and via protein-protein interactions. In the past 2 decades, accumulating data have shed light on the effect of each p53 mutation on the possible properties of p53. Several mechanisms have been implicated in mutant p53 GOF. A key aspect by which mutant p53 exerts its GOF involves accumulation of the protein in the cell (92) . Despite the observation of exceptionally high protein levels in tumor tissue, it was initially considered to be merely a side effect. Nevertheless, in both mouse models and Li-Fraumeni syndrome patients, the protein levels of mutant p53 in normal cells are kept at low levels (80, 93) . This indicates that p53 mutations by themselves are not sufficient for the high expression levels of p53 found in tumors and that mutant p53 accumulation is required for its GOF properties (78) .
Mutant p53 GOF activities
The fact that p53 shows a wide range of hot-spot mutations that generate a highly accumulated aberrant p53 protein level in tumor cells suggests that cells expressing mutant p53 acquire selective growth advantage and tumorigenic potential. Indeed, mutant p53 was found to promote most of the events involved in the malignancy process (1), as discussed below.
Mutant p53 disrupts cell cycle control and enhances proliferation.
One of the early observations pertaining to the function of WT p53 was that this tumor suppressor is a cell cycle regulator. Following genotoxic stress, intact WT p53 prevents damaged cells from undergoing malignant transformation by promoting either cell cycle arrest or cell death (4). However, when p53 is mutated, this important cell cycle control is disrupted, leading to enhanced proliferation, one of the typical hallmarks of cancer cells. In agreement with this observation, it was shown that expression of mutant p53 in conjunction with nuclear transcription factor Y (NF-Y) augments the expression of cell cyclepromoting genes and increases DNA synthesis (94) . Interestingly, these highly expressed genes are clustered with other cell cycle-controlling genes in a gene signature annotated as the 'proliferation cluster'. This cluster of genes is upregulated in various tumor cells and was found to be positively correlated with high-grade breast tumor and with the expression of mutant p53 (95) . Accordingly, mutant p53 was found to facilitate the transcription of genes that underlie the increased proliferation of cancer cells (80, 86) . In addition to regulation of gene expression, mutant p53 was found to regulate the expression of various microRNAs (miRs) that mediate several mutant p53 GOF activities. For example, mutant p53 was found to suppress the expression of miR-27a, which leads to enhanced epidermal growth factor signaling and extracellular signal-regulated kinase activation, which in turn were shown to enhance cell proliferation and augment the tumorigenic phenotype of cells (96) . Mutant p53 mediates genomic instability. By losing their 'guardian of genome' nature, mutant p53 proteins eventually lead to the collapse of the mechanism dominating genome stability and integrity. Cells that have lost their WT p53 and express instead mutant p53 exhibit extensive chromosomal aberrations and high mutation rates. This phenotype was observed in humanized mutant p53 knockin mice that express the chimeric human/murine mutant p53 gene. Genomic analysis of these mice indicated interchromosomal translocations, which were rarely observed in p53 KO cells, and these were accompanied by impaired G 2 -M checkpoint, caused by inactivation of ataxia telangiectasia mutated gene (97) . These phenomena, initially observed in embryonic fibroblasts and thymocytes, were further confirmed in mammary epithelial cells, in which it was suggested that the impairment of ataxia telangiectasia mutated gene by mutant p53 leads to the expansion of mammary CSCs and to tumor development (98) . These observations are in line with chromosomal instability and aneuploidy demonstrated in mutant p53 transgenic mice (99-101). Furthermore, it was recently shown that mutant p53 expression correlated with massive chromosomal rearrangements observed in Sonic-Hedgehog medulloblastoma of Li-Fraumeni syndrome patients and in patients with acute myeloid leukemia. This phenomenon is manifested in cells as chromothripsis, a one-step catastrophic event, further reiterating the notion that mutant p53 exerts an oncogenic GOF activity in deteriorating genomic stability in cells (102) . Mutant p53 drives epithelial-to-mesenchymal transition, cell motility, tumor invasion and metastasis abilities. The abilities of tumor cells to invade the surrounding tissue and to metastasize are crucial for local carcinoma to evolve to a higher grade of malignancy. Interestingly, when mutant p53 knockin mice were initially generated and examined, the spectrum of spontaneously developing tumors was similar to that of p53 KO mice; however, a more in-depth analysis indicated that mutant p53 knockin mice also showed a high incidence of metastases that were not found in their p53 KO counterpart mice (81, 82) . This points to yet another defined tumor-promoting activity that underlies invasion and metastasis that are solely attributed to the oncogenic GOF activity mediated by mutant p53. Changes in the expression of cell adhesion molecules such as E-cadherin and N-cadherin are central to EMT, a process that allows cell detachment and migration (1) . Recently, we found that mutant p53 enhances EMT in prostate tumor cells by elevating the expression of Twist1, a key regulator of EMT (103) . This notion is further supported by a recent study suggesting that mutant p53 enhances EMT by modulating the miR-130b-Zeb1 (zinc finger E-box binding homeobox 1) axis in endometrial cancer (104) . Additional processes that are enhanced by mutant p53 include cell motility (105) and cell migration that is mediated by overactivation of epidermal growth factor receptor/integrin signaling pathway (106) and by augmented chemokine expression (107) . These findings agree with our previous studies showing that mutant p53 cooperates with oncogenic Ras to highly induce cancer-related genes, including chemokines, cytokines and extracellular matrix modulators (88, 89) . Mutant p53 regulates nutrient supply by modulating angiogenesis and glycolysis. In order to support the continually accelerated growth, tumors acquire abilities to supply nutrients and oxygen to cells. This is manifested by enhancement of blood supply in the tumors by the generation of blood vessels through angiogenesis. This would occur when endothelial cells are reprogrammed to construct new blood vessels within the tumor mass (1) . By binding to E2F1, mutant p53 was found to induce the expression of ID4, which promotes angiogenesis by stabilizing the proangiogenic factors IL8 and GROα (108) . Additionally, mutant p53 expression was demonstrated to correlate with the expression of the key angiogenesis factor, vascular endothelial growth factor (109) (110) (111) . Another mechanism that tumor cells adopt to control nutrient supply is to turn on aerobic glycolysis, whereby cells undergo glycolysis even under normal oxygen conditions, coined in the past as the 'Warburg effect'. This mechanism, although restricting adenosine triphosphate molecules, allows cells to gain metabolites that are incorporated into biosynthetic pathways, including generation of nucleotides and amino acids that are essential for growth (1, 112) . In accordance with the mutant p53 oncogenic GOF notion, presence of mutant p53 in cells was also associated with the 'Warburg effect'. In this case, mutant p53 was suggested to be involved in the translocation of the glucose transporter, GLUT1, to the plasma membrane, which is essential for high glucose uptake, by enhancing Rho/Rock signaling pathway (113) .
Mutant p53 promotes inflammation. The notion that inflammation plays a critical role in promoting cancer is already well established (114) and thus was recently included as a bona fide oncogenic characteristic of cancer (1) . The general notion is that inflammation serves as an important factor in tumor microenvironment that provides the developing tumor with growth and survival factors that limit cell death. Furthermore, inflammation involves proangiogenic factors, extracellular matrix-modifying enzymes that facilitate invasion and metastasis, and reactive oxygen species (ROS). Several studies have indicated that mutant p53 GOF supports processes associated with inflammation. We have previously found that mutant p53 enhances the response of cancer cells to the proinflammatory cytokine tumor
The mutant p53-expressing CSCs and drug resistance paradigm necrosis factor α (TNFα) (115) . This was further reinforced by a study using a mouse model for chronic inflammation of the colon, in which mutant p53 was found to promote chronic inflammation associated with colorectal cancer (116) . Although the mechanisms underlying the oncogenicity-enhancing inflammatory response are not entirely elucidated, several studies suggest possible molecular links. For example, we showed that mutant p53 enhances the expression of proinflammatory genes by activating Ras oncogene, ERK-MAPK, phosphoinositide 3-kinase and NF-κB signaling (88, 89) . This is supported by the observations that the proinflammatory genes signature that includes chemokines, cytokines and extracellular matrix modulators was also found to be synergistically elevated by mutant p53 and Ras oncogene in adult murine colon cells (117) . These factors were shown to be highly elevated by mutant p53 in tumor-derived cell lines, mediating tumor cell migration (107) . Mutant p53 was found to enhance the activity of the NF-κB effector, p65 (also termed RelA), as observed by higher p65 nuclear localization (115) , and mutant p53 was suggested to promote the transcriptional activation of NF-κB by facilitating its binding to chromatin (116) . Additionally, mutant p53 was found to induce the expression of another NF-κB family member, NF-κB2, which leads to chemoresistance (118) . We have recently found an interesting cross talk between interferon β (IFNβ) and mutant p53. When cancer-associated fibroblasts and mutant p53-expressing tumor cells are cocultured, cancer-associated fibroblasts significantly promote the IFNβ pathway, which attenuates the migration of tumor cells and reduces mutant p53 mRNA levels. In turn, mutant p53 moderates the response to IFNβ in cancer cells by inhibiting the IFNβ downstream effector, signal transducers and activators of transcription 1 (STAT1), in a negative feedback loop (119) .
Mutant p53 attenuates cell death and mediates drug resistance.
The observation that mutant p53 confers cells with drug resistance and thus avoids apoptosis can be seen as the first milestone in the suggested mutant p53 GOF notion. Indeed, early studies have shown that M1/2 cells, expressing temperature-sensitive mutant p53, under conditions allowing mutant p53 conformation, avoid apoptosis induced by serum starvation (120) . Attenuation of apoptosis in these cells was also observed following γ-irradiation and chemotherapy treatment (e.g. doxorubicin and cisplatin) (121) , in addition to being seen in other tumor-derived cellular systems (122) . Apparently, the attenuation of cell death conferred by mutant p53 is not restricted to chemotherapy. Indeed, over the years, independent studies have indicated that mutant p53 protects cells from additional death inducers such as 12-O-tetradecanoylphorbol 13-acetate (123), TNFα (115) and vitamin D (124) . Figure 1 presents an example for mutant p53-dependent attenuation of TNFα-induced cell death. Although H1299 cells that were treated with high doses of TNFα underwent cell death, mutant p53-overexpressing cells were barely affected (Figure 1, unpublished  data) . Finally, it was recently suggested that mutant p53 P151S displays Anoikis resistance (125) , which was found to be essential for survival of metastatic cells (126) . Several mechanisms can be attributed to the resistance to death effected by mutant p53, as illustrated in Figure 2 . For example, it was suggested that the integrity of N′ terminus of p53, containing the transactivation domain, is essential for mutant p53-dependent chemoresistance, suggesting that mutant p53 attenuates drug-dependent death by transactivation activity (127) . Indeed, mutant p53 was found to transcriptionally induce the expression of the multidrug resistance gene MDR1 by stimulating its promoter. As an adenosine triphosphate-dependent efflux pump, MDR1 transports foreign substances out of cells and clears drug accumulation in cells. Thus, by elevating its expression, mutant p53 confers tumor cells with drug resistance (128) . In addition, mutant p53 was found to modulate the expression of genes involved in cell death regulation, such as the elevation in the antiapoptotic gene Bcl-xL (129), augmentation in EGR1 expression (130) and the downregulation of the proapoptotic gene Fas (131) . More information regarding the modulation of expression of other death-related genes is reviewed in references 80,86. A recent study has suggested that tumors with high levels of p53, as observed in mutant p53-expressing cells, may evade apoptosis through the inhibition of caspase 9 activity (132). A well-studied mechanism for mutant p53 GOF is its interaction with other p53 family members, e.g. p63 and p73 (133) . These interactions may explain mutant p53-mediated chemoresistance in colon adenocarcinomaderived cell line, SW480 (134) . Finally, regulation of miRs by mutant p53 is an additional mechanism explaining mutant p53-dependent drug resistance and death protection. Indeed, mutant p53 was found to induce the expression of miR-128 in lung cancer (135) and to downregulate the expression of miR-223 in breast and colon cancers (136) , conferring resistance to chemotherapy.
To conclude, the various oncogenic GOF activities mediated by the mutant p53 protein greatly support tumor cell survival and can be attributed to the common cancer recurrence frequently seen following the standard therapy accepted today. In the past decades, relevant research was mostly focused on understanding the role of mutant p53 GOF in somatic cells because these cells were seen as the main target for cancer therapy. However, ample data accumulated recently indicate that CSCs residing within tumors are of great significance in conferring tumor aggressiveness. Accordingly, the role of mutant p53 in conferring CSCs drug resistance becomes a central issue in tumor recurrence at large.
Cancer stem cells
It appears that as in normal tissues, tumors show population hierarchy, whereby a subpopulation of CSCs has the most pronounced tumorigenic potential compared with the general cancer cell population (137) . CSCs are characterized as rare, chemotherapy-resistant, malignant cells within the tumor, which are able to self-renew and differentiate and thus can recreate a tumor with the entire original complex cell pool when injected into immunosuppressed mice (138) . Human and mouse CSCs were first isolated from hematological malignancies (139, 140) and later have been identified in a wide range of solid human cancers, such as cancers of the breast (141), brain (142), pancreas (143), colon (144, 145) , ovaries (146-148) and other organs. To date, the accepted method for CSC isolation from tumors takes advantage of cell sorting by specific surface markers. For example, CD44 and CD133 are common for a variety of tumors; however, tissue-specific markers have also been reported (149) . Other strategies for CSC isolation and enrichment include spheroid formation assay, which is based on accentuated self-renewal capacity of the CSCs (150), sidepopulation assay that relies on the capacity of CSCs to cause the efflux of certain chemicals (151) and an assay based on selection of cells displaying high aldehyde dehydrogenase (ALDH) activity (48) . Although the notion that CSCs are central for tumor development is quite accepted, exceptions exist. For example, melanoma was proposed to obey the CSC model (152) ; however, an in-depth analysis of a permissive in vivo model indicated that most of the cancerous cells are capable of initiating new tumors, thus arguing against the CSC model in this tumor type (153) . Evolvement of CSCs. One of the important unsolved issues pertains to the understanding of the evolution of CSCs. The cells of origin for CSCs are assumed to be normal SCs that underwent oncogenic genetic modifications-inherent as germ-line mutations or induced by environmental agents-that lead to cancer initiation (11, 154) . Another approach would suggest that unlike the rigid hierarchy between normal SCs and differentiated cells, tumors could acquire plasticity, which allows progenitor or somatic cells to undergo dedifferentiation and gain SC characteristics to become CSCs. Once these cells acquire the adaptive ability to become CSCs, tumors can exploit this capacity in order to gain drug resistance and escape cancer therapy (46, 149) . The first theory is supported by the observation that SCs reside in the human body for a prolonged period of time-some dormant and others constantly dividing-and this raises the probability of undergoing malignant cell transformation. In addition, SCs possess intrinsic properties of self-renewal and ability to migrate inside or outside of their organ; such dynamic cellular processes may facilitate malignant transformation. The second theory is substantiated by the fact that the incidence of SCs is rather rare, with orders of magnitude less in comparison with the incidence of differentiated cells. Thus, the occurrence of mutations in the resident SCs is at a very low frequency to affect the entire population. Furthermore, SCs were shown to have high genomic fidelity, lowering the chances of spontaneous transformation (155) . Following the discovery of reprogramming, it became clear that dedifferentiation of transformed/normal somatic cells can explain the generation of CSCs. For example, ablation of respiratory SCs led luminal secretory cells to dedifferentiate into basal SCs (156), a normally occurring physiological process that, when uncontrolled, can contribute to a malignant phenotype. The state of the cell can be altered, similarly to cellular processes such as EMT and mesenchymal-to-epithelial transition, which under physiological conditions are involved in development and tissue repair (157) . When these processes are out of control, they allow invasion and metastasis of cancer cells and generation of CSCs (158) . In all, it seems that both SC transformation and dedifferentiation mostly depend on tumor type and context (46) . Functional perturbation in p53 leads to CSC generation. The emerging notion that mutations in p53 play a major role in CSC formation is greatly supported by the correlation between tumors with mutations in p53 and their undifferentiated phenotype. In thyroid gland carcinoma, for instance, p53 mutations were restricted to poorly differentiated tumors (159, 160) . Furthermore, one particular tumor showed different degrees of differentiation within regions, whereas overexpression of p53 was constrained to a less-differentiated area of the tumor (159) . In addition, these studies suggested a link between mutations in p53, CSC formation and poor prognosis (159) (160) (161) (162) . Interestingly, it was shown that ESCs and undifferentiated tumors, such as breast, brain and bladder malignancies, express common specific gene signatures and that similar transcription factors are shared among them (54) . Moreover, mutations in p53 were shown to allow stem-like phenotype in breast and lung cancers (163) . As mentioned above, several laboratories concomitantly suggested that WT p53 serves as a barrier in the reprogramming process by negatively regulating the rate of reprogramming (50, 164) . Such a regulatory activity agrees with the notion that self-renewal of SCs should be tightly controlled to attenuate the burst of accentuated excessive SC proliferation. Accordingly, when mutant p53 knocked-in mouse embryonic fibroblasts were induced to reprogram, we found a GOF in the facilitated rate of reprogramming compared with that seen in the KO p53 mouse embryonic fibroblasts. Mutant p53 iPSCs exhibited the typical ESC markers, such as Nanog and Oct4, and underwent cell differentiation under in vitro conditions. Nevertheless, unlike WT p53 iPSCs that induced benign teratomas, the mutant p53 iPSCs induced the development of aggressive tumors in vivo. Global gene expression analysis indicated that mutant p53 iPSCs share expression patterns with preiPSCs (165) . Interestingly, we found that p53-compromised iPSCs express gene members that are regarded as CSC markers and confer cells with drug resistance (unpublished data). This suggests that mutant p53 not only facilitates the reprogramming process but also affects the nature of the generated iPSCs. In all, p53 has control of the quality and quantity during the course of iPSC formation (50) .
Interestingly, we have recently shown that heterozygous p53 cells have similar reprogramming efficiencies as WT p53, implying that WT p53 dominates over the mutant in the reprogramming process (75) .
Another example that further connects the expression of mutant p53 and the malignant phenotype of CSCs is derived from glioma tumors. It was found that a p53 deletion is insufficient to make CSCs acquire their malignant phenotype. Rather, expression of mutant p53 (frequency of 26% in these tumor types) (76) is critical for the manifestation of the full malignant potential of these CSCs. In addition, this study provided an elegant proof that gliomas originate from neuronal stem cells in the subventricular zone (166) . Recently, it was shown that not all neuronal stem cells are capable of initiating a neoplasm but that, specifically, the oligodendrocyte precursor cells alonecould do so (167) . In addition, MSCs were suggested to be the cell of origin in soft tissue sarcomas. Several mouse models have shown that MSCs lacking p53 formed malignant sarcomas (49, (168) (169) (170) . Furthermore, we have recently demonstrated that MSCs derived from heterozygous-mutant p53 R172H adolescent mice that underwent p53 loss of heterozygosity do not form tumors in vivo, in comparison with cells derived from older mice, which induced malignant sarcoma when injected to immunodeficient mice (75) . This implies that p53 loss of heterozygosity is an initiating event in the process of transforming MSCs, allowing other age-dependent perturbations to occur. Strikingly, we found that between 4 and 10% of the adherent bone marrow (BM) progenitors underwent p53 loss of heterozygosity in vivo in adult mice (75) , suggesting that BM-derived MSCs are the origin of sarcomas. Nevertheless, Choi et al. (171) demonstrated that local MSCs, which reside within the tissue and not at the BM, are the cells that yield soft tissue sarcomas in an inactivated p53/Rb mouse model; yet, the lack of strictly defined markers of MSCs makes it difficult to rule out BM-tissue migration and the source of cells remains an open question (172) .
Some pathways have been suggested to explain how p53, or its absence, exerts its effects on CSCs. It was shown that p53 represses the expression of CD44, which is commonly reported as a CSC marker and is involved in the metastasizing ability of CSCs (173, 174) . CD44 repression by p53 hampered the tumorigenic potential of CSCs in breast, lung and prostate tumors (175, 176) . Moreover, p53 was recently shown to repress the expression of c-KIT, another common CSC marker (146, 177, 178) , through the p53 target miR-34a family. This downregulation resulted in reduction of sphere formation ability, chemoresistance and stemness phenotype in colorectal cancer (179) . p53 was also shown to repress the expression of other SC genes Nanog and Oct4 (180). These two genes were shown to be crucial for the CSCs population in various tumors (181) (182) (183) . Moreover, the repression of Nanog by p53 activation inhibits gliomagenesis in vivo (184, 185) . The EMT was recently suggested to be linked with the gain of SC properties by epithelial cells (158) . p53 is known to negatively regulate the EMT process through transcriptional activation of miRs. For example, the miR-34 family targets the EMT activator Snail (186) . Moreover, another p53 target, the miR-200 family, was shown to negatively regulate the expression of Zeb1 and Zeb2, EMT transcriptional activators (187, 188) . The attenuation of the EMT process by p53 may fulfill its role in restricting the SC pool. Finally, we have shown that WT p53 exerts a negative effect on reprogramming, which is mediated by the suppression of Klf4 that in turn suppresses mesenchymal-to-epithelial transition (189) . Taken together, p53 is interwoven in the cellular circuits governing CSCs (Figure 3) .
Several characteristics have been offered to describe CSCs. We have discussed the capability of CSCs to initiate new tumors; this is a crucial criterion for defining a cell as a CSC. Other characters are heterogeneity, due to acquired changes in each cycle of the parental cell; asymmetric division, maintaining the CSC pool while contributing to the tumor bulk; quiescence, despite being transformed, it is believed that, to some extent, they remain in a slow cycling state and thus are resistant to agents that affect proliferating cells (190) . However, the most potent hallmark of CSCs on cancer progression and relapse is drug resistance.
Drug resistance mechanisms of CSCs
It is well accepted that chemoresistance of cancer cells can be divided into two major categories: de novo and acquired chemoresistance (191) . De novo chemoresistance is defined as the preexisting ability of cancer cells to resist chemotherapy, whereas acquired chemoresistance is defined as acquisition of drug resistance, which arises during chemotherapy treatment. The latter develops due to drug-induced selection pressure leading to clonal expansion based on survival advantage. There are several mechanisms that allow cancer cells to elude chemotherapy. This includes limiting drug influx, excessive drug efflux, alterations in apoptosis and survival signaling pathways, expression of detoxification enzymes and alterations in DNA repair mechanisms.
Drug efflux. The adenosine triphosphate (ATP)-binding cassette (ABC) transporter family is the most notable group executing the function of expelling anticancer drugs across the plasma membrane. There are three central members that have been extensively studied in relation to multidrug resistancein cancer: ABCB1 (multidrug resistance, MDR1), ABCC1 (MRP1) and ABCG2 (BCRP), which were shown to act on a broad range of conventional chemotherapy drugs (192, 193) and to account for chemotherapy failure in various cancers (193, 194) . This phenotype of drug resistance is attributed to the CSC population that is contained within growing tumors (195) . The ability of CSCs to expel drugs enabled their isolation in a method termed side population sorting method (151) , which relies on the observation that somatic cancer cells, when stained, retain the dyes; however, CSCs expel the dyes, which is mediated by the ABC transporter proteins. In many primary tumors and cell lines, including breast cancer, lung cancer and brain tumors, side populations were detected (151) . The expression of ABC transporters in CSCs is another trait shared with normal SCs. For example, hematopoietic stem cells express high levels of ABCG2 and/or ABCB1, in contrast to further differentiated cells of the hematopoietic system (195) .
Drug detoxification. ALDH enzymes are also thought to be involved in chemoresistance of cancer cells. These proteins are members of the nicotinamide adenine dinucleotide (phosphate) -dependent enzymes that have a role in detoxifying a broad variety of endogenous aldehydes and xenobiotic aldehydes by oxidizing and converting them into carboxylic acids (196) . Indeed, studies have shown that cells highly expressing ALDH genes, especially ALDH1A1 and ALDH3A1, exert drug resistance (197) (198) (199) , whereas inhibition of activity of the ALDH enzymes leads to effective chemotherapy (200, 201) . However, the exact mode of action underlying this pathway is yet to be elucidated. High ALDH1 activity was found in several types of cancers, including head-and-neck, lung, liver, pancreas, cervix, ovaries, breast, prostate, colon and bladder cancers (202) . Because ALDH is also expressed at variable levels in normal ASCs, it has been suggested to be a reliable marker for CSCs only in tissues that harbor ASCs expressing limited ALDH levels, such as breast, lung and colon tissues, and not in liver and pancreatic tissues wherein the residing ASCs express high ALDH levels (203) .
Alterations in metabolism.
In addition, cancer cells were shown to have the ability to inactivate different drugs, e.g. platinum drugs such as cisplatin and oxaliplatin, by covalently conjugating them with the thiol glutathione (GSH). The generated complex is a substrate for ABC transporter protein, resulting in inactivation of the drug (204) . Accordingly, GSH was shown to be highly expressed in various cancers, providing them with chemoresistance ability (204) (205) (206) (207) (208) . GSH was shown to be a critical cellular reducing agent and antioxidant that is responsible for reducing ROS levels. ROS are found at high levels in many cancer cells, contributing to the vicious cycle of aggravating damage to the DNA and other parts of the cell (209) . In normal SCs, such as hematopoietic stem cells and mammary SCs, ROS are found at low levels, mainly due to elimination by scavengers such as GSH (210, 211) . Interestingly, it was shown that CSCs share a ROS-level phenotype similar to that in their normal SC counterparts. Several studies have shown that the CSC population contains low levels of ROS and higher capacity to synthesize ROS-scavenging molecules compared with somatic cancer cells. These low levels of ROS were shown to confer CSCs with resistance to radiotherapy (211) . DNA repair mechanisms. The ability of cancer cells to repair DNA damage significantly affects their response to chemotherapy. Several studies support the notion that alterations in DNA repair mechanisms confer chemoresistance to cancer cells. For example, excision repair cross-complementing 1, a crucial component of the nucleotide-excision repair pathway, was shown to be elevated in various tumors, thereby increasing chemoresistance of several cancer types, including non-small cell lung carcinoma and ovarian, colorectal and gastric cancers (212) (213) (214) (215) (216) . However, mismatch repair deficiency has also been implicated in chemoresistance in a variety of cancers (217) (218) (219) . This is due to the involvement of mismatch repair proteins in mediating cell cycle arrest and apoptosis in response to DNA damage (220, 221) . Interestingly, in CSCs contained within a given tumor, the DNA damage response is tilted toward enhanced DNA repair, as opposed to the situation in somatic cancer cells. For instance, glioma SCs expressing CD133 were shown to be resistant to γ-irradiation by elevation of the checkpoint activation in response to DNA damage. The phosphorylation of ataxia telangiectasia mutated, Rad17, Chk1 and Chk2 was higher in CD133 + cells compared with the same in CD133 − cells. Moreover, alkaline comet assay showed greater DNA repair efficiency in CD133
+ cells compared with that in CD133 − cells (222) . Elevated phosphorylation of Chk1 was also observed in colon and lung CSCs in response to chemotherapy (223, 224) . In addition, MCF-7-derived CSCs showed higher activation of the DNA single-strand break repair mechanism compared with the mechanism in the parental cells. This higher single-strand break repair activation was indicated by higher expression of singlestrand break repair-associated protein APE1 (225) . Alterations in apoptosis and survival signaling pathways. Cancer therapy is aimed at the eradication of cancer cells, thereby challenging a central cancer hallmark, resistance to cell death (1) . Indeed, cancer cells have developed multiple mechanisms to prevent cell death, e.g. regulation of the expression of Bcl-2 family members either by inducing antiapoptotic regulators including Bcl-2 and Bcl-x L or by downregulating proapoptotic regulators such as Bax, Bim and Puma. Another important player in acquiring drug resistance is NF-κB, which promotes cell survival and exerts resistance to chemotherapy (194, 226) . In all, the alterations in cell death and survival signaling pathways mentioned above may hinder chemotherapy. Similarly, in glioma SCs, antiapoptotic Bcl-2 and Bcl-x L , in addition to the inhibitor of apoptosis (IAP) family members X-linked inhibitor of apoptosis, cIAP1, cIAP2, neuronal apoptosis inhibitor protein, and survivin, were found at significantly higher levels in CD133-positive drugresistant cells in contrast to their counterparts (227) . In both colon (228) and hepatic CSCs (229), Bcl-2 contributes to chemoresistance, in addition to preferential activation of Akt/protein kinase B, in the CSCs of the liver (229), which is absent the activation of Akt/protein kinase B is absent in somatic cancer cells.
In all, CSCs adopt a variety of pathways to escape therapy. Indeed, much of the research made before the CSC hypothesis can now be explained in retrospect and can be shown to be attributable to the small CSC population.
Cross talk of mutant p53 and CSCs underlying drug resistance
Mutant p53 GOF. The fact that mutant p53 is frequently expressed in a variety of human tumors makes it an important target for cancer therapy (230) . Mutant p53, the well-characterized genomic guardian, is known for its oncogenic GOF. Depending on the tumor-type specificity, p53 can be associated with various steps along the process of malignant transformation. Mutant p53 was shown to modify the cell cycle checkpoints, accelerating proliferation, conferring genomic instability, affecting cell plasticity and inducing invasiveness and metastasis, in addition to being known for its non-cell autonomous affects, such as inflammation and angiogenesis (78, 231) . Mutant p53 acts as a multitask protein that simultaneously affects a number of pivotal pathways, all of which culminate in the acquisition of resistance to chemotherapeutic drugs (Figure 2 ). This feature of mutant p53 has long been known in the field of oncology, yet no approved therapy targeting mutant p53 in the Western world is available to date (232) . The p53 and SC connection. The initial observations that WT p53 plays a role in cell differentiation and development paved the way toward the understanding that WT p53, a cell cycle controller, plays an important role in restraining the normal repertoire of SCs. In recent experiments, taking advantage of cell reprogramming, it was shown that p53 acts as a barrier to the reprogramming of differentiated cells into the pluripotent state (50, 59, (61) (62) (63) 233) . This is in agreement with the notion that the reprogramming process shares some resemblance to malignant transformation. Furthermore, data derived from a variety of experimental models suggested that expression of mutant p53 in SCs might lead the way toward the evolvement of CSCs (166, 169) . Mutant p53-CSCs share gene pathways. Of note, mutant p53 seems to affect specific pathways, which are central to the drug-resistant capacity of CSCs (Figure 2 ). For example, ABC transporters that are an important machinery in acquiring drug resistance by exporting drugs out of cells are often expressed in CSCs. Interestingly, MDR1, an important member of the ABC family, was shown to be upregulated by mutant p53 (128) . Moreover, mutant p53 was shown not only to lose the capacity of WT p53 to induce apoptosis but also to gain function in augmenting the expression of antiapoptosis proteins (Bcl-2 and Bcl-x L ) and in reducing proapoptosis signals (Bax, Bad and Bid). Similarly to mutant p53, CSCs modify the Bcl-2 family to attenuate drug-induced death. WT p53 plays a major role in DNA repair mechanisms, such as nucleotide-excision repair, base-excision repair, mismatch repair, homologous recombination and non-homologous end joining (234) . These repair mechanisms are impaired in somatic cancer cells; however, recently, we have found that murine p53-mutant-expressing MSCs that form malignant sarcomas exhibited elevated homologous recombination and non-homologous endjoining genes (75) . As mentioned above, CSCs were shown in various models to express high levels of DNA-repair-related genes and to efficiently repair DNA damage, compared with somatic cancer cells.
Despite these similarities, not many studies of the role of p53 in drug resistance of CSCs were performed. It was shown that in colorectal cancer cells, attenuation of the SC marker c-Kit by the p53 target miR34a sensitizes the cells to 5-fluorouracil (179) . In addition, the anticancer phytochemical resveratrol reduces the tumor-initiating capacity of glioma SCs by promoting the degradation of Nanog in a p53-dependent manner (184) . A similar phenotype involving stemness-attenuating features was observed in the CSCs of nasopharyngeal carcinoma (235) . Recently, it was shown that only in the absence of p53, colon CSCs are resistant to paclitaxel due to higher levels of autophagy and lower levels of apoptosis (236) . All of these studies emphasize that much of the CSC resistance to chemotherapy is evident in conjunction with a cellular compromised-p53 status. In our recent studies, we found that iPSCs that express the mutant p53 and induce aggressive tumors in mice were found to highly express detoxifying enzymes associated with drug resistance. Furthermore, MSCs expressing mutant p53, which form aggressive tumors, exhibited drug resistance to cisplatin that correlated with the expression of MDR1, a central gene in acquiring drug resistance (Figure 4 , unpublished data). This indicates that mutant p53 expression is important in inducing iPSCs and MSCs to acquire a transformed phenotype and drug resistance. Therapeutic approach. In all, the notion that p53 plays a regulatory role in the life of SCs, coupled with the observations that p53 mutations may contribute to the evolvement of CSCs, makes it challenging to speculate that drug resistance and cancer recurrence are mediated by CSCs that express mutant p53. Accordingly, it may suggest that efficient cancer therapy in mutant p53-expressing tumors should be based on a combination of chemotherapy and a p53-based therapy. The chemotherapy will target the tumor bulk, whereas only the conversion of mutant p53 protein into WT p53 form will allow CSC eradication ( Figure 5 ). We speculate that reverting mutant p53 in CSCs will render them sensitive to chemotherapy. 
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